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FT-IRrtant group of glycolipid biosurfasctants mainly produced by rhodococci. Beside
their known industrial applications, there is an increasing interest in the use of these biosurfactants as
therapeutic agents. We have puriﬁed a trehalose lipid from Rhodococcus sp. and made a detailed study of the
effect of the glycolipid on the thermotropic and structural properties of phosphatidylethanolamine
membranes of different chain length and saturation, using differential scanning calorimetry, small and
wide angle X-ray diffraction and infrared spectroscopy. It has been found that trehalose lipid affects the gel to
liquid crystalline phase transition of phosphatidylethanolamines, broadening and shifting the transition to
lower temperatures. Trehalose lipid does not modify the macroscopic bilayer organization of saturated
phosphatidylethanolamines and presents good miscibility both in the gel and the liquid crystalline phases.
Infrared experiments evidenced an increase of the hydrocarbon chain conformational disorder and an
important dehydrating effect of the interfacial region of the saturated phosphatidylethanolamines. Trehalose
lipid, when incorporated into dielaidoylphosphatidylethanolamine, greatly promotes the formation of the
inverted hexagonal HII phase. These results support the idea that trehalose lipid incorporates into the
phosphatidylethanolamine bilayers and produces structural perturbations which might affect the function of
the membrane.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Surfactants of microbial origin are classiﬁed into biosurfactants.
From the beginning, biosurfactants have attracted attention as
alternative surfactants due to their high biodegradability and safety.
Glycolipids are the most common biosurfactants that have been
isolated and studied so far. These biosurfactants contain carbohydrates
in combination with long-chain aliphatic acids or hydroxy aliphatic
acids. The rhamnolipids secreted by Pseudomonas aeruginosa are by far
themost actively studied. Several recent works have shown the effects
of these compounds on phospholipids membranes of various compo-
sitions [1–4]. Another important group of glycolipid biosurfactants is
formed by trehalose-containing glycolipids [5]. These trehalose lipids
are mainly produced by rhodococci and present interesting physico-
chemical and biological properties. Trehalose lipids can reduce the
surface tension of aqueous solutions and the interfacial tension
between aqueous and oil phases to levels observed with synthetic
surfactants, and have low critical micelle concentrations [6]. Thus, a
number of industrial applications for these compounds have been
proposed [6], including environmental applications such as microbial-
enhanced oil recovery, biodegradation of polycyclic aromatic hydro-4 968 364147.
ll rights reserved.carbons or oil-spill treatment [7–9], and cosmetics industry [6].
Because of the structural diversity of trehalose lipids, it is important
to elucidate the individual contribution of the major components of
the crude extract in order to understand theirmechanismof action and
to obtain a trehalose lipid with desirable properties for speciﬁc uses.
On the other hand, there is an increasing interest in the use of
biosurfactants as therapeutic agents [10,11]. Trehalose lipids have been
reported to have antiviral properties [12,13]. It has been shown that
trehalose lipids have excellent growth inhibition and differentiation-
inducing activities against human leukaemia cells such as myelogen-
ous leukaemia cell K562, promyelocytic leukaemia cell HL60 and
basophilic leukocyte KU812 [14–16]. In addition, trehalose lipids
inhibit the activity of phospholipids- and calcium-dependent protein
kinase C of HL60 cells [17], and show immunomodulating activity [18].
Although the amphiphilic nature of trehalose lipids points to the
membrane as their hypothetical site of action, very little is known
about the interaction between these biosurfactants and biological
membranes.We have recently shown that trehalose lipid increases the
ﬂuidity of phosphatidylcholine membranes and forms domains in the
ﬂuid state [19]. The diacyl phosphatidylethanolamines are important
structural components of the cell membrane of many prokaryotic and
virtually all eukaryotic organisms. In order to understand the inﬂuence
of these biosurfactants on the lipid component ofmembranes, we have
puriﬁed a trehalose lipid (Fig. 1) from Rhodococcus sp. and made a
Fig. 1. The chemical structure of Rhodococcus sp. trehalose lipid.
Fig. 2. DSC heating thermograms for DLPE (left), DMPE (center) and DPPE (right)
containing trehalose lipid at different concentrations. Molar fraction of trehalose lipid
from top to bottom: 0, 0.02, 0.05, 0.07, 0.10, 0.15, 0.20, 0.30, 0.40 and 0.50.
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structural properties of phosphatidylethanolamine membranes of
different chain length and saturation, using differential scanning
calorimetry (DSC), small and wide angle X-ray diffraction (SAX and
WAX) and infrared spectroscopy.
2. Materials and methods
2.1. Materials
Dielaidoylphosphatidylethanolamine (DEPE), dilauroylphosphati-
dyl-ethanolamine (DLPE), dimyristoylphosphatidylethanolamine
(DMPE), and dipalmitoylphosphatidylethanolamine (DPPE) were pur-
chased from Avanti Polar Lipids Inc. (Birmingham, AL). All the other
reagents were of the highest purity available. Puriﬁed water was
deionised in a Milli-Q equipment from Millipore (Bedford, MA), and
ﬁltered through0.24 μmﬁlters prior to use. Stock solutionsof thevarious
phosphatidylethanolamines and the trehalose lipid were prepared in
chloroform/methanol (1:1) and stored at −20 °C. Phospholipid concen-
trations were determined by phosphorous analysis [20].
2.2. Trehalose lipid production and puriﬁcation
Strain 51T7 was isolated from an oil-contaminated soil sample
after culture enrichment with kerosene, and was identiﬁed as Rho-
dococcus sp. [21]. This strainwasmaintained by fortnightly cultures on
Trypticase Soy Agar (Pronadisa, Spain) and preserved in cryovials at
−20 °C. Biosurfactant was produced, puriﬁed and its structure was
characterized as described before [21,22].
2.3. Differential scanning calorimetry
Samples for DSC were prepared by mixing the appropriate
amounts of phospholipids and trehalose lipid in chloroform/methanol
(1: 1). The solvent was gently evaporated under a stream of dry N2 to
obtain a thin ﬁlm at the bottom of a glass tube. Last traces of solvent
were removed by a further 3 h desiccation under high vacuum. To the
dry samples, 2 ml of a buffer containing 150 mM NaCl, 0.1 mM EDTA,
10 mM Hepes pH 7.4 was added, and vesicles were formed by
vortexing the mixture, always keeping the temperature above the
highest crystalline to liquid crystalline phase transition temperature
of the sample. Experiments were performed using a MicroCal MC2
calorimeter (MicroCal, Northampton, USA). The ﬁnal phospholipid
concentrationwas 1 mgml−1. The heating scan rate was 60 °C h−1. The
construction of partial phase diagrams was based on the heating
thermograms for a given mixture of phospholipid and trehalose lipid
at various trehalose lipid concentrations. The onset and completion
temperatures for each transition peakwere plotted as a function of the
mol fraction of trehalose lipid. These onset and completion tempera-
tures points formed the basis for deﬁning the boundary lines of the
partial temperature-composition phase diagram.
2.4. X-ray diffraction
Simultaneous small (SAX) and wide (WAX) angle X-ray diffraction
measurements were carried out as described previously [23] using amodiﬁed Kratky compact camera (MBraum-Graz-Optical Systems,
Graz Austria) which employs two coupled linear position sensitive
detectors (PSD, MBraum, Garching, Germany). Nickel-ﬁltered Cu Kα X-
rays were generated by a Philips PW3830 X-ray Generator operating at
50 kV and 30 mA. Samples for X-ray diffraction were prepared by
mixing 15 mg of phospholipids and the appropriate amount of
trehalose lipid in chloroform/methanol (1:1). Multilamellar vesicles
were formed as described above. After centrifugation at 13,000 rpm,
the pellets were placed in a steel holder, which provided good thermal
contact to the Peltier heating unit, with cellophane windows. Typical
exposure times were 10 min, allowing 10 min prior to the measure-
ment for temperature equilibration.
2.5. Infrared spectroscopy
For the infrared measurements, multilamellar vesicles were
prepared in 40 μl of the same buffer prepared in D2O as described
above. Samples were placed in between two CaF2 windows
(25×2 mm) separated by 25 μm Teﬂon spacers and transferred to a
Symta cell mount. Infrared spectra were acquired in a Nicolet 6700
Fourier-transform infrared spectrometer (FT-IR) (Madison, WI). Each
spectrum was obtained by collecting 256 interferograms with a
nominal resolution of 2 cm−1. The equipment was continuously
purged with dry air in order to minimize the contribution peaks of
atmospheric water vapor. The sample holder was thermostatized
using a Peltier device (Proteus system from Nicolet). Spectra were
collected at 1 or 2 °C intervals, allowing 5 min equilibration between
temperatures. The D2O buffer spectra taken at the same temperatures
were subtracted interactively using either Omnic or Grams (Galactic
Industries, Salem, NH) software.
3. Results and discussion
3.1. Saturated phosphatidylethanolamines
The effect of trehalose lipid on the thermotropic transitions of
saturated phosphatidylethanolamines bearing acyl chains with 12
(DLPE), 14 (DMPE) and 16 (DPPE) carbon atoms is depicted in Fig. 2. In
the absence of trehalose lipid, saturated phosphatidylethanolamines
exhibit reversible transitions that are fairly energetic and highly
cooperative and correspond to the chain melting transition from their
respective gel phases to the liquid crystalline phases. The transition
temperatures (Tc) and associated enthalpy changes increase
Fig. 4. Wide angle X-ray diffraction proﬁles of DMPE system containing different
concentration of trehalose lipid in the gel (left, 25 °C) and the liquid crystalline phase
(right, 55 °C). From top to bottom: pure DMPE, DMPE containing 0.05 mol fraction
trehalose lipid, DMPE containing 0.20 mol fraction trehalose lipid.
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DLPE we ﬁnd that the transition takes place at 29.5 °C with an
enthalpy change of 4 kcal/mol; for DMPE Tc is 49 °C with an enthalpy
change of 6 kcal/mol and for DPPE Tc is 63 °C with an enthalpy change
of 8 kcal/mol, in agreement with previous results [24]. The presence of
increasing concentrations of trehalose lipid has similar effect on the
different phosphatidylethanolamine systems. Thus, trehalose lipid
broadens the transition and causes a shift to lower temperatures
giving rise to the presence of a lower melting endotherm. The
amplitude of the lowermelting endotherm increases at the expense of
the higher melting component when the concentration of trehalose
lipid is increased, being the only one present at trehalose lipid molar
fraction higher than 0.3. The enthalpy change associated with the
transition of the homologous phosphatidylethanolamines decrease as
more trehalose lipid is present in the system reaching 40% of the value
of the pure system in the case of the most concentrated samples (data
not shown). These results are compatible with the presence of the
hydrophobic moieties of trehalose lipid into the phospholipid
palisade, where they can perturb the acyl chains, reduce the
cooperativity of the transition and shift the phase transition
temperature to lower values. The appearance of a second, lower
melting component in the thermograms when the concentration of
trehaloselipid is increased was also described in phosphatidylcholine
membranes [19] and it can be explained by the formation of trehalose
lipid-enriched domains.
Information on the structural properties of saturated phosphati-
dylethanolamine/trehalose lipid systems was obtained by SAX.
Phospholipids, when organized into multilamellar structures, give
rise to reﬂections with relative distances of 1:1/2:1/3:1/4… [25]. Fig. 3
shows the diffraction pattern proﬁles corresponding to pure DMPE
and DMPE containing trehalose lipid at temperatures both below an
above the gel to liquid crystalline phase transition. Pure DMPE
produces four reﬂections with relative distances of 1:1/2:1/3:1/4
which is consistent with its expected multilamellar organization. The
largest ﬁrst order reﬂection component corresponds to the intela-
mellar repeat distance, which is comprised of the bilayer thickness
and the thickness of the water layer between bilayers. DMPE in the gelFig. 3. Small angle X-ray diffraction proﬁles of DMPE system containing different
concentration of trehalose lipid in the gel (left, 25 °C) and the liquid crystalline phase
(right, 55 °C). From top to bottom: pure DMPE, DMPE containing 0.05 mol fraction
trehalose lipid, DMPE containing 0.20 mol fraction trehalose lipid. Arrows indicate the
position of the reﬂections. The 35 Å–10 Å region is ampliﬁed (×4) for a better
observation of the second, third and fourth order reﬂections.state (25 °C, Fig. 3) gives rise to a ﬁrst order reﬂectionwith a d-value of
approx. 56 Å. This value decreases above the chain melting
temperature to approx. 48 Å (55 °C, Fig. 3) in agreement with previous
reports [26]. Samples containing trehalose lipid, at both temperatures,
give rise to reﬂections which relate as 1:1/2:1/3… which corroborate
that the presence of trehalose lipid does not alter the lamellar
structural organization of DMPE. No change in the interlamellar repeat
distance is observed. Pure DLPE shows d-values of 50 Å (below the
phase transition) and 45 Å (above the phase transition) and pure DPPE
shows d-values of 61 Å (below the phase transition) and 52 Å above
the phase transition (data not shown), in agreement with previous
reports [26,27]. The effect of trehalose lipid on DLPE and DPPE was
very similar to that commented above for DLPE (data not shown) and
indicates that trehalose lipid does not alter the bilayer organization of
saturated phosphatidylethanolamines. The lack of effect of trehalose
lipid on the interlamellar repeat distance of saturated phosphatidy-
lethanolamine systems is different from its effect on saturated
phosphatidylcholine systems, as we have recently reported [19] that
the presence of trehalose lipid in phosphatidylcholine membranes
produces an increase of the interlamellar repeat distance. This
dissimilar behaviour is probably due to the lower amount of water
that phosphatidylethanolamines imbibe from excess solution [28]
even in the presence of trehalose lipid.
To obtain information about the packing of the phosphatidyletha-
nolamine acyl chains we made measurements in the wide angle
region (WAX). Fig. 4 shows the WAX pattern corresponding to pure
DMPE and DMPE containing trehalose lipid at temperatures both
below and above the phase transition. Pure DMPE below the phase
transition (25 °C, Fig. 4) shows a single sharp symmetric reﬂection at
4.15 Å indicating that the hydrocarbon chains are packed in a
hexagonal lattice and the direction of the chains is normal to the
membrane surface, which is characteristic of the untilted gel phase
[27,29]. Pure DMPE above the phase transition (55 °C, Fig. 4) shows a
very broad component centred at approx. 4.5 Å with the absence of
any sharp reﬂection which is characteristic of the ﬂuid liquid
crystalline phase [27,29]. The presence of trehalose lipid in DMPE
systems does not modify this WAX pattern (Fig. 4). The effect of
trehalose lipid on the other phosphatidylethanolamine homologues,
DLPE and DPPE, is similar to that shown for DMPE (data not shown),
indicating that trehalose lipid is not able to alter the packing of the
phosphatidylethanolamines in the gel phase. Interestingly, the same
untilted gel phase is detected in mixtures of trehalose lipid and
phosphatidylcholines [19].
Taking together the DSC data and the information of the
phospholipids structural organization obtained from X-ray diffrac-
tion, partial phase diagrams were constructed for the phosphatidy-
lethanolamine component in mixtures of phospholipids and
trehalose lipid. Fig. 5 shows that, in all the saturated phosphatidy-
lethanolamine systems under study, the solid and ﬂuid lines display
near ideal behaviour, the temperature decreasing as the trehalose
Fig. 5. Partial phase diagrams for phosphatidylethanolamine in phosphatidylethano-
lamine/trehalose lipid mixtures. DLPE (upper), DMPE (center) and DPPE (bottom). Open
(◯) and solid circles (●) were obtained from the onset and completion temperatures of
the main gel to liquid crystalline phase transition. The phase designations are as
follows: G, gel phase; F, liquid crystalline phase.
Fig. 6. Temperature dependence of the maximum of the symmetric CH2 stretching
absorption band exhibited by DLPE (upper), DMPE (center) and DPPE (bottom). Data are
presented for pure phosphatidylethanolamine (●) and phosphatidylethanolamine/
trehalose lipid mixtures at 0.10 (■) and 0.30 (□) molar fraction.
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the gel and the liquid crystalline phases. In all cases the system
evolves from a lamellar gel phase (G phase) to a lamellar liquid
crystalline phase (F phase) through a coexistence region (G+F),
which became wider as more trehalose lipid was added to the
system. Trehalose lipid has been found to present ﬂuid immisc-
ibilities in phosphatidylcholine systems [19]. In saturated phospha-
tidylethanolamine systems, our results indicate that trehalose lipid
forms enriched domains but these domains are not completely
segregated from the pure phospholipid because miscibility occurs at
all temperatures under study. This dissimilar effect corroborates that
the nature of the lipid polar head group is an important
determinant of how the behaviour of bilayer lipid molecules is
affected by membrane interacting biosurfactants.
To investigate the effects of trehalose lipid on different parts of
the phosphatidylethanolamine molecule, infrared spectroscopy was
used. The gel to liquid crystalline phase transition of phospholipids
is accompanied by clear changes in the absorption bands arising
from moieties in the hydrophobic and interfacial regions of these
phospholipids bilayers [30]. The CH2 symmetric stretching band
near 2850 cm−1 is of special signiﬁcance because of its sensitivity to
changes in the mobility and in the conformational disorder of the
hydrocarbon chains [31]. Fig. 6 shows the temperature dependence
of the frequency at the absorbance maximum of the symmetric CH2
stretching vibration band of the infrared spectra of different pure
saturated phosphatidylethanolamines and those containing treha-
lose lipid. For pure DLPE in the gel phase the absorption maximum
of the CH2 stretching band is observed near 2846.5 cm−1; on
conversion to the liquid crystalline phase the maximum increases to
frequencies near 2848.5 cm−1 (Fig. 6, upper). For pure DMPE the
frequencies are 2848 cm−1 (gel phase) and 2850 cm−1 (liquid
crystalline phase) (Fig. 6, middle) and for pure DPPE 2846.5 cm−1(gel phase) and 2849 cm−1 (liquid crystalline phase) (Fig. 6, bottom).
This frequency increase, which is accompanied by a broadening of
the band (not shown), is a diagnostic signature of the chain melting
phase transitions of hydrated lipid bilayers [24,30]. This change is
the result of increased conformational disorder in the hydrocarbon
chains and occurs at the chain melting phase transitions of all
parafﬁnic compounds [31] resulting from the introduction of a high
population of gauche conformers [32]. The presence of trehalose
lipid produces a broadening of the chain melting transition which is
shifted to lower temperatures (Fig. 6), which is in accordance with
the DSC mesasurements shown above. In the liquid crystalline state,
the presence of trehalose lipid has different effect on the ﬂuidity of
the acyl chains depending of their length. Trehalose lipid induces an
increase of the ﬂuidity in the case of the shorter homologue DLPE
(Fig. 6, upper), whereas the ﬂuidity is similar to the pure
phospholipid in the case of DMPE and DPPE.
The presence of trehalose lipid produces also interesting
changes in the C_O region of the infrared spectra of phosphati-
dylethanolamines. Fig. 7A shows the contour of the ester carbonyl
band of DMPE. This band is relatively broad, and from its shape it
is clear that it is composite of two or more components. Previous
studies [24] using a combination of Fourier deconvolution and
Fig. 7. Infrared spectra of the carbonyl stretching band of pure DMPE (A) and DMPE containing trehalose lipid at 0.10 (B) and 0.30 (C) molar fraction, below (30 °C, solid lines) and
above (58 °C, dashed lines) the gel to liquid crystalline phase transition.
Fig. 8. DSC heating thermograms for DEPE containing trehalose lipid at different
concentrations. Molar fraction of trehalose lipid from top to bottom: 0, 0.02, 0.05, 0.07,
0.10, 0.15, 0.20, 0.30, 0.40 and 0.50.
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probably a composite of at least three components with maxima
near 1742, 1728 and 1714 cm−1. Upon cooling to the gel phase
(Fig. 7A), there is a marked decrease in relative spectral intensity in
the low frequency range of the band contour, and it seems that this
change in the contours of the C_O stretching band is the result of
the growth of the high-frequency component (aprox. 1742 cm−1) at
the expenses of the two lower frequency bands. These changes are
important because they are a reﬂection of changes in the hydrogen
bonding interactions in the polar/apolar interfacial region at the gel
to liquid crystalline phase transition of PE bilayers. Earlier works
have suggested that the band near 1742 cm−1 arises from a
population of non hydrogen-bonded ester carbonyl groups and that
the bands near 1728 and 1714 cm−1 arise from population of
hydrogen-bonded ester carbonyl groups [24,33]. In the case of DLPE
and DPPE, the change from the gel to the liquid crystalline phase is
also accompanied by a decrease in the wavenumber of the
maximum of the band, i.e. an increase in the low frequency
component, which is in accordance with the increase in hydrogen
bonding (hydration) commented above (data not shown). When
trehalose lipid is present in DMPE system (Fig. 7A and B), the
change in wavenumber of the maximum of the band is in the
opposite direction, it increases and reaches a value of 1742 cm−1
which is characteristic of the dehydrated carbonyl group. The effect
of trehalose lipid on DLPE and DPPE systems is similar to that
described above for DMPE (data not shown). These results indicate
that trehalose lipid interacts with the interfacial region of the
bilayer decreasing hydrogen bonding of the phospholipid C_O
groups with the water molecules of the hydration layer. Probably
trehalose lipid, bearing a large number of free hydroxyl groups, will
itself participate in a high number of hydrogen bonds, thus leaving
less water molecules available for interacting with the phospholi-
pid. We have recently reported a similar dehydrating effect of
trehalose lipid on phosphatidylcholine systems [19].
3.2. Unsaturated phosphatidylethanolamine
Aqueous dispersions of DEPE can undergo a gel to liquid crystalline
phase transition and in addition a lamellar to hexagonal HII structural
phase transition [34]. Fig. 8 shows the effect of trehalose lipid on the
thermotropic transitions of DEPE. The lamellar gel to lamellar liquid
crystalline phase transition takes place at 37 °C and the lamellar to
hexagonal HII structural phase transition occurs at 62 °C. The presence
of increasing concentrations of trehalose lipid produces a broadening
in the gel to liquid crystalline phase transition peak and the
appearance of a lower melting component in a similar way of that
described above for saturated phosphatidylethanolamines. Trehalose
lipid also produces a broadening and shifting to lower temperatures of
the lamellar to hexagonal HII phase transition. The lamellar to
hexagonal HII transition cannot be further observed at trehalose
lipid molar fraction higher than 0.15.Fig. 9 shows the SAX diffraction patterns corresponding to pure
DEPE and DEPE containing trehalose lipid at different temperatures.
For pure DEPE below the gel to liquid crystalline phase transition
(20 °C) the interlamellar repeat distance in the gel phase is 65.1 Å. The
transition to the liquid crystalline phase is accompanied by a decrease
of 10 Å in ﬁrst order repeat distance due to the effective acyl chain
length reduction. Increasing the temperature in the liquid crystalline
phase produces a reduction of the interlamellar distance from 54.8 Å
at 40 °C to 52.6 Å at 58 °C, due to the resulting increase in chainmotion
which leads to a reduction of the effective chain length. Lipids when
organized in hexagonal HII structures give rise to reﬂections at
distances which relate as 1:1/√3:1/√4:1/√7:1/√9… [25], the largest
spacing of the hexagonal HII being related to the diameter of the lipidic
cylinders. Pure DEPE in the hexagonal HII phase (70 °C, Fig. 9), give rise
to ﬁve reﬂections with distances which relate as 1:1/√3:1/√4:1/√7:1/
√9, being the ﬁrst order spacing 64.6 Å. The presence of trehalose lipid
Fig. 9. Small angle X-ray diffraction proﬁles of DEPE system containing trehalose lipid at
different temperatures. From top to bottom: pure DMPE, DMPE containing 0.05 molar
fraction trehalose lipid, DMPE containing 0.20 molar fraction trehalose lipid.
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the liquid crystalline phase, in a similar way as shown above for
saturated phosphatidylethanolamines. However, trehalose lipid
clearly promotes the formation of inverted hexagonal structures as
the corresponding hexagonal HII reﬂections appear at temperatures at
which the pure phospholipid is organized in lamellar structures. In the
presence of 0.2 molar fraction of trehalose lipid the ﬁrst order spacing
of the hexagonal HII phase appears near 70 Å indicating that the
diameter of the hexagonal tubules is larger that in the pure
phospholipid, WAX measurements carried out with DEPE showed
the single sharp symmetric reﬂection at 4.16 Å characteristic of the gel
phase and the absence of sharp reﬂections characteristic of the ﬂuid
and the hexagonal HII phase, similar to that commented above for
saturated phosphatidylethanolamines, the presence of trehalose lipid
in DEPE systems does not modify this WAX pattern (data not shown).
Using the DSC data shown in Fig. 8 and the information of
phospholipids structural organization obtained from SAX presented in
Fig. 9, a partial phase diagram for DEPE in mixtures with trehalose
lipid was constructed (Fig. 10). Up to a concentration of trehalose lipid
of 0.15 molar fraction, both the main lamellar gel to lamellar liquid
crystalline phase transition and the structural lamellar to hexagonal
HII phase transition are clearly distinguishable (Fig. 8), The onset and
completion temperatures of the lamellar gel to lamellar liquid
crystalline phase transition were used to deﬁne the solid and ﬂuid
boundary lines, whereas the onset and completion temperatures ofFig. 10. Partial phase diagrams for DLPE in DEPE/trehalose lipid mixtures. Solid squares
(■) and solid circles (●) were obtained from the onset and completion temperatures of
the main gel to liquid crystalline phase transition; and open squares (□) and open
circles (◯) were obtained from the onset and completion temperatures of the lamellar to
hexagonal HII phase transition. The phase designations are as follows: G, gel phase; F,
liquid crystalline phase; HII, hexagonal HII phase.the lamellar to hexagonal HII phase transition were used to deﬁne the
lamellar and hexagonal boundary lines. At concentrations of trehalose
lipid higher that 0.15 mol fraction, the lamellar to hexagonal HII phase
transition peak is not observed by DSC. In this case the onset and
completion temperatures of the only observed transitionwere used to
deﬁne the solid and ﬂuid lines. According to SAX data, the boundaries
deﬁned by these solid and ﬂuid lines are different from those deﬁned
at lower trehalose lipid concentrations. The solid and ﬂuid lines and
the lamellar and hexagonal lines decrease as more trehalose lipid is
present suggesting that both lipids are miscible in both lamellar and
hexagonal HII states. Up to a concentration of trehalose lipid of 0.15
molar fraction, the system evolves from a lamellar gel phase (G) to a
lamellar liquid crystalline phase (F) through a coexistence region
(G+F) and then to the hexagonal HII phase (HII) through a coexistence
region (F+HII). At concentration of trehalose lipid higher than 0.15
molar fraction the system evolves from the gel phase (G) to the
hexagonal HII phase (HII) through a coexistence region (G+HII),
apparently without an intervening lamellar liquid crystalline phase.
Details of the thermotropic behaviour of the infrared symmetric
CH2 stretching band are given in Fig. 11 for pure DEPE and DEPE
containing trehalose lipid. Pure DEPE shows two frequency shifts with
an increase inwavenumber, the ﬁrst increase corresponds to the gel to
liquid crystalline acyl chainmelting transition and the second increase
corresponds to the additional conformational disorder introduced by
the lamellar to hexagonal HII transition, in accordance to previous
work on non bilayer transitions in phosphatidylethanolamines [32].
Fig. 11 conﬁrms the broadening and shift to lower temperatures of the
transition exerted by the presence of trehalose lipid. The frequencies
of the symmetric CH2 stretching band observed in mixtures of DEPE
and trehalose lipid are higher than that of the pure phospholipid;
because increases in the frequency of this band are associated with
increases in hydrocarbon chain conformational disorder, this result
indicates that the interaction of trehalose lipid with DEPE results in an
overall increase in the conformational disorder of the hydrocarbon
chains of DEPE.
Fig. 12 shows the temperature dependence of the frequency at the
absorbance maximum of the C_O stretching vibration band of the
infrared spectra of DEPE system and those containing trehalose lipid.
The C_O stretching band of pure DEPE undergoes changes both at
the gel to liquid crystalline and at the lamellar to hexagonal HII phase
transition temperatures. In accordance with previous report on the
infrared characterization of phase transitions of phosphatidylethano-
lamines [32], the frequency maximum decreases during the gel to
liquid crystalline phase transition, which is consistent with the
increase in the lower frequency component of the C_O band
resulting in an increase in hydration; however the transition from
the lamellar to the hexagonal HII phase is accompanied by an increase
of the frequency maximum, which indicates that a dehydration is
taken place during the formation of the inverted phase. It is known
that PE undergoes partial dehydration during hexagonal phaseFig. 11. Temperature dependence of the maximum of the symmetric CH2 stretching
absorption band exhibited by DEPE. Data are presented for pure DEPE (●) and DEPE/
trehalose lipid mixtures at 0.05 (■) and 0.20 (□) molar fraction.
Fig.12. Temperature dependence of themaximum of the symmetric carbonyl stretching
absorption band exhibited by DEPE. Data are presented for pure DEPE (●) and DEPE/
trehalose lipid mixtures at 0.05 (■) and 0.20 (□) molar fraction.
2812 A. Ortiz et al. / Biochimica et Biophysica Acta 1778 (2008) 2806–2813formation [35,36]. It is seen in Fig. 12 that the presence of trehalose
lipid makes both transition temperatures to shift to lower values,
being this effect more marked in the case of the structural transition
from lamellar to hexagonal HII phase. In the sample with higher
trehalose lipid content, there is only one observable transition and the
frequency of the maximum of the band decreases to values that are
not similar to those of the liquid crystalline phase but that are
characteristic of the hexagonal HII phase. This result supports the
hexagonal HII promoting action of trehalose lipid evidenced by SAX
measurements and commented above. At difference with saturated
phosphatidylethanolamines, in the case of DEPE the maximum of the
C_O band does not reach the value of 1742 cm−1 characteristic of the
highly dehydrated state. It is known that the saturated phosphatidy-
lethanolamines studied in this work have a tendency to crystallize into
dehydrated bilayers [27,37]. This tendency for a lower water afﬁnity in
saturated phosphatidylethanolamines can probably be attributed to
the strong electrostatic and hydrogen bonding interactions that exist
between PE headgroups, both in the plane of the bilayer and between
adjacent bilayers [36]. Long unsaturated phosphatidylethanolamines,
like DEPE, do not form dehydrated crystalline bilayers but instead they
form non lamellar phases like the hexagonal HII phase. The driving
force for the bilayer to hexagonal HII phase transition is the
introduction of additional conformational disorder into the already
disordered liquid crystalline bilayer phase [38], but this increase in
gauche rotamers must be accompanied by a certain degree of head
group dehydration for the phase transition to occur [35]. As shown
above, trehalose lipid is able to produce both effects, i.e. an increase in
ﬂuidity and a dehydration of the polar head group. According to the
structure–shape concept, it is the cone-shaped molecule of phospha-
tidylethanolamines which makes them compatible with inverted
structures such as the hexagonal HII phase [39]. Hence, it is obvious
that both effects exerted by trehalose lipid, i.e. the perturbation of the
phospholipid palisade and the dehydration of the interfacial region,
produce an increase of the hydrophobic volume and a decrease of the
head group area respectively, which results in a more effective cone-
shaped DEPE molecule which facilitate the formation of inverted
hexagonal HII structures.
It is interesting to note that free trehalose (and other disacchar-
ides) is able to induce the formation of hexagonal HII phase in
phosphatidylethanolamines [40,41] by stabilizing the structure of
bulk water and doing so reducing the area of the lipid head group.
However, the effect of free trehalose is observed only at very high
(molar) concentrations. It is clear that the anchoring of trehalose to a
lipidic moiety, like in the biosurfactant molecule, in addition to its
effect on the hydrophobic palisade, will enhance the interaction of the
polar carbohydrate with the membrane, allowing that its effect on the
interfacial region would be observed at very low concentration.
Local dehydration and non lamellar phase formation can induce
damage of biological membranes. It is signiﬁcant that formation of
hexagonal HII phase produces serious problems to a biologicalmembrane, because the selective barrier function of the membrane
is lost in this non lamellar phase. In addition, there is experimental
evidence indicating a correlation between the phase state of the
membrane and the physiological state of the cell [42], in particular,
there is evidence that hexagonal HII phase propensity can modulate
the activity of proteins [43]. We believe that the molecular interac-
tions between trehalose lipid and phosphatidylethanolamines
reported in this work, may explain to some extent the molecular
mechanism underlying part of the variety of biological actions exerted
by this biosurfactant.
4. Conclusions
In this work, we have carried out a study of the molecular
interaction between a trehalose lipid bacterial biosurfactant and
membranes composed of phosphatidylethanolamines of different acyl
chain length and saturation. We have shown that trehalose lipid is
able to incorporate into phosphatidylethanolamine bilayers and affect
their structural properties. DSC data supported the location of the
trehalose lipidmolecule intercalated between the phospholipids ones,
where it can perturb the phospholipid palisade, reduce the coopera-
tivity of the transition and shift the phase transition temperature to
lower values, and suggested the possibility of formation of biosurfac-
tant enriched domains. SAX data showed that trehalose lipid does not
affect the macroscopic bilayer organization of saturated phosphati-
dylethanolamines. Partial phase diagrams show good miscibility
between trehalose lipid and saturated phosphatidylethanolamines
both in the gel and the liquid crystalline phases. Infrared experiments
evidence an increase of the hydrocarbon chain conformational
disorder and an important dehydrating effect of the interfacial region
of the saturated phosphatidylethanolamines in the presence of
trehalose lipid. When trehalose lipid is present in DEPE systems, it
shows an important non lamellar promoting effect. The observed
interactions between trehalose lipid and phosphatidylethanolamines
promote physical perturbations, which could affect membrane
function and may help to understand the mechanism of action of
the variety of biological actions of the biosurfactant.
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